I[NTRODUCTION]{.smallcaps} {#sec1-1}
==========================

Magnetic resonance imaging (MRI) is a sensitive tool by which to detect the perfusion abnormalities in patients with acute ischemic stroke (AIS). Diffusion-weighted imaging (DWI) is the most sensitive MRI technique by which to identify the acute ischemic core.\[[@ref1]\] When used together, perfusion-weighted imaging (PWI) and DWI can identify brain tissue with hypoperfusion, which is defined as "ischemic penumbra," from normal diffusion.\[[@ref2]\] The role of perfusion neuroimaging in the management of AIS is to confirm the presence of reduced regional blood flow and contribute to the identification of the ischemic penumbra that might be salvaged by thrombolytic and/or endovascular recanalization therapy.\[[@ref3]\]

Dynamic susceptibility contrast imaging, an MRI perfusion technique, is the most commonly used protocol in clinical practice. Moreover, arterial spin labeling (ASL) is a noninvasive alternative for imaging whole-brain cerebral perfusion that uses radiofrequency pulses instead of gadolinium to label inflowing arterial blood.\[[@ref4]\] Recent studies demonstrate that ASL can be used to quantify cerebral blood flow (CBF) values in the ischemic core and areas with perfusion/diffusion mismatch in patients with AIS.\[[@ref5][@ref6][@ref7][@ref8]\] In this study, ischemic penumbra was defined by decreased ASL CBF area, except in the restricted diffusion area.

Intravoxel incoherent motion (IVIM) imaging was introduced by Le Bihan *et al*.\[[@ref9]\] as a joint method by which to measure perfusion and diffusion. IVIM is an extension of the DWI that allows the simultaneous acquisition of both microcirculatory and diffusivity information. The capillary network lacks the spatial orientation, and the molecular motion within the microcirculation can be viewed as "pseudo-diffusion." Perfusion indices are derived by modeling the signal attenuation as a composite outcome of interstitial water diffusion and intravascular capillary blood flow. IVIM imaging was assessed for measuring sensitivity in the rat brain\[[@ref10]\] and has been applied in measuring sensitivity in several body organs.\[[@ref11][@ref12][@ref13][@ref14]\] Federau *et al*.\[[@ref15]\] showed that IVIM can quantitatively measure perfusion in the human brain, however, feasibility studies on this are relatively scarce.

Because IVIM has the potential to provide both diffusion and perfusion information without an exogenous contrast agent, its application for the brain is promising. It might be used to detect ischemic penumbra in patients with AIS, identify the type of a cerebral tumor, classify the stage of a malignant tumor, or evaluate the effects of chemotherapy or radiotherapy in patients with a cerebral tumor.

To our knowledge, few studies have specifically validated the relationship between the perfusion index derived from IVIM (fast apparent diffusion coefficients \[ADC\]) and ASL CBF in the human brain. In this study, ASL is used to assess cerebral blood perfusion. Based on the above literature, we hypothesized that fast ADC would decrease and slow ADC would remain the same in the ischemic penumbra as compared with contralateral normal cerebral tissue. Moreover, a significant correlation would be found between fast ADC and ASL CBF.

M[ETHODS]{.smallcaps} {#sec1-2}
=====================

Patient selection {#sec2-1}
-----------------

All tests were approved by our Institutional Review Board, and informed consent was obtained from all participants. The analysis was performed on data collected from August 2012 to July 2014 in an ongoing prospective registry of patients who were evaluated using diffusion-perfusion MRI at our medical center. Image data were included in this study if: (1) The patient presented with symptoms of AIS; (2) Cerebral hemorrhage was excluded by CT examination; (3) Baseline MRI was performed within 6 h of symptom onset in patients with contraindication for intravenous thrombolysis, or \> 6 h but within 24 h; (4) Both ASLs and multi *b*-value DWIs were performed; (5) Obvious ischemic penumbra was observed; the area of decreased ASL CBF was 1.5 times larger than the area of the restricted diffusion.

During the 24-month study, 102 consecutive suspected AIS patients had a baseline MRI that included ASL and multi *b*-value DWI sequences, 15 of whom met the inclusion and exclusion criteria. The mean age was 68.7 ± 8.0 years; 11 were males. The median time from symptom onset to the MRI examination was 11.8 ± 7.0 h.

Magnetic resonance imaging protocols {#sec2-2}
------------------------------------

All examinations were performed on a discovery MR750 3.0 T whole-body MR scanner (Milwaukee, Wisconsin, USA) with an 8-channel head coil. The imaging protocols included an axial T2 propeller, axial T2 flair, axial T1 flair, axial multi *b*-value DWI, sagittal T1 flair, and three-dimensional (3D) ASL.

Pseudocontinuous 3D ASL was performed using an interleaved 3D stack of spiral fast-spin echo sequence with background suppression. The labeling period was 1500 ms with a postlabeling delay time of 1525 ms. Multiarm spiral imaging was used, with 8 arms and 512 points acquired on each arm. A high level of background suppression was achieved by using 4 separate inversion pulses spaced around the pseudocontinuous labeling pulse. The entire process took 269 s to complete, which included proton attenuation. Other 3D ASL parameters were as follows: 36 axial slices; repetition time (TR), 4632 ms; echo time (TE), 10.5 ms; slice thickness 4.0 mm; field-of-view (FOV), 24 cm × 24 cm; number of excitation (NEX), 3, and bandwidth, 62.5 kHz. Axial multi *b*-value DWIs were performed using single-shot spin-echo echo planar sequences with the following parameters: TR, 4000 ms; TE, Min; *b*-value and NEX, 0/2, 50/2, 100/2, 200/2, 400/2, 600/2, 800/2, 1000/3, 2000/3, 3000/4, 4000/4 s/mm^2^; slice thickness, 5.0 mm; slice spacing, 1.5 mm; and FOV, 24 cm × 24 cm. The diffusion gradient strengths were applied along the X, Y, and Z axes. The duration of the sequence was 320 s.

Axial T2 propeller parameters were as follows: TR, 4242 ms; TE, 93 ms; slice thickness, 5.0 mm; slice spacing, 1.5 mm; FOV, 24 cm × 24 cm; and NEX, 1.5. Axial T2 flair parameters were as follows: TR, 8500 ms; TE, 162 ms; TI, 2100 ms; slice thickness, 5.0 mm; slice spacing, 1.5 mm; FOV, 24 cm × 24 cm; and NEX, 1. Axial T1 flair parameters were as follows: TR, 1750 ms; TE, 24 ms; TI, 780 ms; slice thickness, 5.0 mm; slice spacing, 1.5 mm; FOV, 24 cm × 24 cm; and NEX, 1. Sagittal T1 flair parameters were as follows: TR, 1941 ms; TE, 24 ms; TI, 681 ms; slice thickness, 5.0 mm; slice spacing, 1.5 mm; FOV, 24 cm × 24 cm; and NEX, 1.

Postprocessing and evaluation {#sec2-3}
-----------------------------

Data postprocessing was performed on the GE 4.5 Workstation. Regions of interest (ROIs) were delineated as large as possible in the area of ischemic penumbra and the contralateral normal brain tissue of the same size. ROIs were located in the plane of ischemic penumbra within a maximum area, which avoided the sulcus. Sagittal T1 flair was used as a cross reference to ensure that the ROIs of DWIs and ASL CBF were located at nearly the same position. Fast ADCs and slow ADCs were quantitatively measured from multi *b*-value DWIs applied to the biexponential model; CBFs were quantitatively measured from the 3D ASL \[[Figure 1](#F1){ref-type="fig"}\]. The biexponential model fits the following equation:

![A 72-year-old man presented with left-sided weakness and slurred speech for 6.0 h. Magnetic resonance imaging scan showed acute ischemia stroke with ischemic penumbra. (a-d) The diffusion-weighted imaging, arterial spin labeling cerebral blood flow map, fast apparent diffusion coefficient map and slow apparent diffusion coefficient map in the area of ischemic penumbra respectively.](CMJ-128-2565-g001){#F1}

*M/M*0 = *P*~fast~ × exp (−*b* × fast ADC) + *P*~slow~ × exp (−*b* × slow ADC).

where *M* is the signal in the presence of diffusion sensitization, *M*0 is that in the absence of diffusion sensitization, fast ADC and slow ADC are ADC values, and *P*~fast~ and *P*~slow~ are the percentages of contributions to the signal from the fast- and slow-diffusing water compartments (*P*~fast~ = 1 − *P*~slow~).\[[@ref16]\]

Statistical analysis {#sec2-4}
--------------------

Statistical analysis was performed using SPSS version 20.0 (IBM Corporation, Armonk, NY, USA). A paired *t*-test was applied to compare the differences of the ASL CBF, fast ADC, and slow ADC measurements between ischemic penumbras and contralateral normal brain regions. Linear regression and Pearson\'s correlation were used to evaluate the correlations among ASL CBF, fast ADC, and slow ADC measurements in all selected ROIs (both ischemic penumbras and contralateral normal brain regions). The significance level was defined as *P* \< 0.05 (two-tailed). Values are expressed as the mean ± standard deviation (SD).

R[ESULTS]{.smallcaps} {#sec1-3}
=====================

Fast ADC, slow ADC and ASL CBF measurements of ischemic penumbras and contralateral normal brain regions are presented in [Table 1](#T1){ref-type="table"}. The ROI area is 197 mm ± 160 mm. Fast ADCs and ASL CBFs of ischemic penumbras were statistically significantly lower (*P* \< 0.05) than those of the contralateral normal brain regions. No statistically significant difference (*P* \> 0.05) was observed in slow ADCs between ischemic penumbras and contralateral normal brain regions. Compared with contralateral normal brain regions, both fast ADCs and ASL CBFs decreased in ischemic penumbras while slow ADCs remained the same.

###### 

Biexponential parameters and ASL CBF in patients with acute stroke and statistical analysis (*n* = 15)

  Parameters                Ischemia penumbras   Contralateral normal brain   *t*      *P*
  ------------------------- -------------------- ---------------------------- -------- -----------
  Fast ADC (μm^2^/ms)       1.93 ± 0.78          3.97 ± 2.49                  −3.147   0.007\*
  Slow ADC (μm^2^/ms)       0.203 ± 0.090        0.198 ± 0.100                0.776    0.451
  ASL CBF                   13.5 ± 4.5           29.1 ± 12.7                  −5.777   \<0.001\*
   (ml·100 g^−1^·min^−1^)                                                              

Values are presented as mean ± SD. \*The significance level was defined as *P* \< 0.05. ADC: Apparent diffusion coefficient; SD: Standard deviation; ASL CBF: Arterial spin labeling cerebral blood flow.

The results of Pearson\'s correlation are presented in [Table 2](#T2){ref-type="table"}. A significant correlation (*r* = 0.416, *P* \< 0.05) was detected between fast ADC and ASL CBF \[[Figure 2](#F2){ref-type="fig"}\]. No statistically significant correlation was observed between ASL CBF and slow ADC, or between fast ADC and slow ADC.

###### 

The results of Pearson\'s correlation between measurements

  Parameters              *r*     *P*       *n*
  ----------------------- ------- --------- -----
  Fast ADC and ASL CBF    0.416   0.022\*   30
  Slow ADC and ASL CBF    0.111   0.558     30
  Fast ADC and slow ADC   0.200   0.289     30

\*The significance level was defined as *P* \< 0.05. ADC: Apparent diffusion coefficient; ASL CBF: Arterial spin labeling cerebral blood flow.

![The scatter plot of fast apparent diffusion coefficient (fast ADC) and arterial spin labeling cerebral blood flow (CBF) (*r* = 0.416, *P* \< 0.05) (*n* = 30).](CMJ-128-2565-g002){#F2}

D[ISCUSSION]{.smallcaps} {#sec1-4}
========================

In the present study, fast ADCs derived from multi *b*-value DWIs applied to the biexponential model can reflect cerebral perfusion. To our knowledge, few studies had combined multi *b*-value DWIs and ASL techniques in the evaluation of the human brain. Although diffusion imaging has proved to be largely useful in a wide variety of clinical applications, as well as in more advanced applications, such as diffusion tensor imaging and tractography, perfusion measurement with IVIM is not common because of its low signal-to-noise ratio,\[[@ref17]\] with the blood volume in the brain estimated to be in the low single-digit percentage range.\[[@ref15][@ref18]\] Recently, with the continuous upgrading of MRI hardware and software, the biexponential model is promising for application in multi *b*-value DWIs of the central nervous system.

ASL is a noncontrast perfusion imaging method that relies on the magnetic labeling of arterial water.\[[@ref19][@ref20]\] Radiofrequency pulses are used to magnetically alter the status of water protons in arterial blood with respect to those in stationary tissue, thereby generating an endogenous intravascular tracer.\[[@ref20][@ref21]\] Presuming that the magnetically labeled arterial blood exchanges with tissue water at the capillary level, CBF can, in principle, be quantified from a labeling experiment and a control experiment without magnetically labeled water protons, based on the theory of diffusible tracer kinetics.\[[@ref20][@ref22][@ref23]\] Recent studies have demonstrated that ASL can be used to quantify CBF values in the ischemic core and ischemic penumbra in patients with AIS.\[[@ref5][@ref6][@ref7][@ref8]\]

The ischemic penumbra is functionally impaired, yet still viable, tissue surrounding the ischemic core.\[[@ref24][@ref25]\] Several studies have indicated that for the purpose of defining the tissue at risk of infarction, the ischemic penumbra can be operationally defined as the mismatch between the lesion volumes detected with PWI and that detected with DWI.\[[@ref3][@ref26]\] With PWI, perfusion decreases in the ischemic penumbra but is normal in DWI. In this study, compared with contralateral normal brain regions, both ASL CBFs and fast ADCs decreased in ischemic penumbras, but slow ADC remained the same, which was in accord with the perfusion and diffusion situation of the ischemic penumbras and contralateral normal brain regions. The cerebral perfusion and fast ADC decreased in the ischemic penumbra, which inferred that the fast ADC might reflect the perfusion in cerebral tissue. In addition, a significant correlation was detected between fast ADCs and ASL CBFs, which indicates that fast ADCs could reflect the perfusion in cerebral tissue. This is an important step in confirming the feasibility of fast ADC as a quantitative index to measure brain perfusion.

IVIM\[[@ref27]\] is a term that designates the microscopic translational motions that occur in each image voxel in MRI. In biological tissues, these motions include molecular diffusion of water and microcirculation of blood in the capillary network. Molecular diffusion results from random micromolecular motion called "Brownian motion." Perfusion results from blood microcirculation in the capillary network. Perfusion can be considered an incoherent motion resulting from the pseudorandom orientation of capillaries at the voxel level. In other words, it assumes an isotropic and sufficiently randomly laid microvasculature network so that water molecules in the blood experience "many random" direction changes during the motion-sensitizing period of the diffusion sequence. Under these assumptions, a so-called pseudo-diffusion (fast ADC), which describes macroscopically the incoherent movement of blood in the microvasculature compartment, can be measured with a standard diffusion sequence if an adequate set of parameters is used. A biexponential model is used to extract perfusion parameters from multi *b*-value DWIs. A linear relationship between IVIM perfusion parameters and classic perfusion parameters was derived under given assumptions by Le Bihan *et al*.\[[@ref28]\] In brief, a fast ADC is inversely proportional to mean transit time (MTT), which is consistent with the result that fast ADCs decreased in ischemic penumbra in this study. Because CBF is inversely proportional to MTT, a fast ADC is proportional to CBF, which explains the reason for the significant correlation detected between fast ADCs and ASL CBFs in this study.

Although the results of the data from this study are exciting and encouraging, several limitations should be considered. First, the cohort (15 patients) was small, and the study was performed at a single center. Second, no CBF threshold other than visual assessment was used to evaluate the penumbra in ASL perfusion. Third, ASL perfusion might overestimate the perfusion defects\[[@ref6][@ref29]\] and areas of benign oligemia might be included in the penumbra. Fourth, lacking suitable postprocess software to accurately fuse multi *b*-value DWIs and ASLs, ROIs, rather than the entire ischemic penumbra, were part of the ischemic penumbras.

In conclusion, we present our initial clinical experience with multi *b*-value DWIs of the brain, which demonstrate that fast ADCs have a significant correlation with ASL CBFs. Although the advantage and disadvantage of fast ADCs as they compare to ASL CBFs must be studied further, fast ADCs derived from multi *b*-value DWIs applied to a biexponential model supply another noninvasive method by which to create an image of brain cerebral perfusion. Moreover, multi *b*-value DWIs can provide both diffusion and perfusion information. The present study represents an initial step in exploring the clinical value of applying multi *b*-value DWIs to the cerebral tissue.
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